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Abstract 
Slow neutrons are a privileged tool to explore the low-energy high-precision frontier of particle physics. This overview on the 
present status of neutron-particle physics is intended to serve as a basis for the ensuing discussion of the potential and future 
development of neutron-particle physics at the European Spallation Source ESS. 
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1. Introduction 
The present article is meant to give an introductory overview on the scientific topics and past achievements in 
the field of neutron particle physics. This field is located at the “high-precision frontier” of particle physics, the 
other frontiers being the high-energy and the cosmic frontiers. A main scientific goal at these frontiers is, besides 
the consolidation of the present standard model of particle physics, to search for new physics beyond the standard 
model. As is well known, such new physics is required to understand the many unexplained features both of 
particle physics and of cosmology, like the structure, stability, and particle content of the standard model, and the 
genesis, evolution, and particle/energy content of the universe. 
Particle physics, the physics of the very small, and cosmology, the physics of the very large, indeed are 
intimately interwoven in standard big bang theory (or variants thereof). Cosmology starts at the Planck time of 
5×10−44 s and the Planck energy of 1.2×1019 GeV, and follows the evolution of the universe all the way down to 
our present universe of age 13.8×109 y and temperature 2.728 K. For each phenomenon seen in particle physics at 
some energy scale E, we find an epoch in the cooling universe when temperature kT ~ E was such that the 
phenomenon in question played a dominant role in cosmology. 
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How can we detect a new process taking place in some early epoch of the universe at very high energy, far 
beyond the energy scale of the present standard model of ~ 250 GeV? Such new processes usually involve 
unknown force carriers or matter particles of high mass M. The best thing, of course, is to produce such exotic 
particles at high-energy particle colliders, which is possible if the collision energy is sufficiently high, well beyond 
the production threshold Mc2. The present detection limit of high-energy colliders is at several hundred GeV, as 
exemplified by the recent discovery of the Higgs particle of mass 125 GeV, and will rise to several TeV after the 
ongoing upgrade of the Large Hadron Collider at CERN. 
If the energy scale Mc2 of the process that we are after is too high for direct particle production, then we can 
detect the process via quantum loops involving virtual particles. These virtual effects take place during very short 
time intervals and are thus covered by the uncertainty principle. Usually virtual effects are very small and 
independent of beam energy, becoming large only when we are “almost there”, that is, when the collider energy is 
close to the threshold Mc2 of direct particle production. For example, if the new particle has a mass of 100 TeV, the 
size of such virtual effects is essentially the same, whether one looks at the high-energy frontier near 1 TeV, or 
twenty orders of magnitude below this, at some low-energy frontier near 1 neV.  
Of course one wants to search for new physics where the detection potential is highest. Experiments with cold or 
ultracold neutrons are known to be sensitive to energy changes down to 10−22 eV and less (corresponding to one 
Bohr period per year), to relative momentum changes of order 10−11 (diverting a neutron beam by several 
Ångstroms over a length of 10 m), and to relative changes in angular momentum of order 10−7 (leading to milli-
arcsecond angles of spin rotation). Hence, if you want to detect processes far beyond the scale of the present 
standard model, the low-energy frontier might be the right place to look.  
In the following, I shall give a (necessarily incomplete and biased) list of examples where neutron studies have 
improved our knowledge of particle physics, and with it our knowledge of the evolution of the universe. For more 
extended reviews on the subject see Nico and Snow (2005), Abele (2008), and Dubbers and Schmidt (2011). 
2. Why is there so much matter in the universe? 
Cosmology is based on both, the big bang model of the universe, and the standard model of particle physics. A 
minimum requirement on these models is that, in the end, our present universe should emerge during cosmological 
evolution. It turns out that this is a stringent requirement, which by itself excludes a larger number of theories.  
To give an example, according to the standard model, particles and antiparticles should have almost completely 
annihilated each other shortly after the big bang  no stars, no galaxies, no us. But we find that there are about 109
times more particles left over after the big bang than predicted, and essentially no antiparticles, a fact which is 
called the baryon asymmetry of the universe. Any viable theory must meet three “Sakharov conditions” to permit 
“baryogenesis”, i.e., massive particle production in the early universe. These are 1. non-conservation of baryon 
number B, 2. violation of CP symmetry, and this 3. under conditions of thermal non-equilibrium. Each of these 
conditions can be fulfilled separately under various circumstances, but it is extremely difficult to find a scenario in 
which all three conditions are met simultaneously. 
In order to have CP symmetry violated by the right amount for baryogenesis to happen, the neutron should have 
an electric dipole moment (EDM) of size between 10−28 and 10−24 ecm, the exact size depending on the model 
used. The present limit on a neutron EDM was measured at ILL by Baker et al. (2006) to 3.0×10−26 ecm at 90% 
confidence level, by applying the Ramsey “separate oscillatory field” atomic clock technique to about 
104 polarized neutrons stored in a 20 liter ultracold neutron trap. A high-energy experiment that could resolve such 
a small spatial separation of the quark charges (or rather of their charge centers of gravity) would need beam 
energies of order 1010 GeV.  
Number of theories can be excluded by the present limit on the neutron EDM, see Pendlebury and Hinds 
(2000), or Lamoreaux and Golub (2009). In cosmology, particle EDM limits exclude one of the most 
straightforward extensions of the standard model as a source of CP violation sufficient for baryogenesis at the 
electroweak level, namely, the Minimal Supersymmetric Standard Model or MSSM, see Fig. 1, adapted from 
Pospelov and Ritz (2005). In this case, under various reasonable assumptions, the mass limit of the CP-violating 
supersymmetric particle is at 70 TeV, far beyond the present collider detection limit. Many other supersymmetric 
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extensions of the standard model are strongly constrained by these EDM limits, too, see for instance Figs. 7 to 9 in 
Dubbers and Schmidt (2011).  
Fig. 1. In the minimal supersymmetric standard model or MSSM, particle EDMs depend on two phase angles θA and θμ. Atomic and neutron 
EDM limits strongly constrain these phases to near the origin θA = θμ = 0 where the three bands of the figure overlap – much too small for 
baryogenesis at the electroweak scale. From Pospelov and Ritz (2005). 
Forthcoming neutron EDM experiments aim at pushing sensitivity to 10−28 ecm. If a nonzero EDM is found at 
this level, then this will be a strong indication that baryogenesis occurs above but still near the electroweak scale, 
probably via supersymmetry. If no EDM is found, then baryogenesis is thought to occur near to the inflationary 
scale of ~1018 GeV, probably via a preceding period of leptogenesis. Progress on the neutron EDM has typically 
been one order of magnitude every ten years, therefore the experiment will be with us also during operation of 
ESS.  
3. Are there extra spatial dimensions? 
Next we come to studies of the gravitational interaction of the neutron. One of the aims of these studies is to 
find solutions to what is called the hierarchy problem of particle physics, caused by the observation that the 
gravitational interaction is 10−34 times weaker than the electroweak interaction. In such cases, radiative quantum 
corrections should unavoidably alter both interactions to become of comparable size, unless there is some plausible 
reason for the smallness of one coupling as compared to the other. Some particle theories propose to solve this 
problem via the presence of a number of n extra spatial dimensions, following early ideas by Kaluza and Klein, 
who showed in the 1920ies that additional dimensions allowed the Maxwell and the Einstein equations to coexist 
peacefully while acting in different regions of multi-dimensional space. 
In the model of Arkani-Hamed, Dimopoulos, and Dvali (ADD, 1999), for instance, all forces act in the 
conventional three spatial dimensions, with the exception of the gravitational force, which acts in 3+n dimensions. 
The n extra dimensions are invisible to us because they are “compactified” to a small radius R: within this radius 
gravitation acts in 3+n dimensions, with a force law 21 / nr +∝  (from Gauss’ law), outside this radius gravitation 
acts in the usual three dimensions, following Newton’s force law 21/ r∝ . In the ADD model, the hierarchy 
problem disappears because there is only one energy scale left at which all interactions, including the gravitational 
interaction, become identical. This unique energy scale is set to be the scale of the electroweak standard model.  
The compactification radius R of the extra dimensions must be chosen such that at distance ~ R the fast-
dropping gravitational interaction 21 / nr +∝  becomes 1034 times weaker than the electroweak interaction 21/ r∝ , 
in order to agree with observation. For n = 1 extra dimension, this should happen at R ~ 1016 m, which is already 
excluded by astronomical observation. For n = 2 extra dimensions, the compactification radius would be at 
R ~ 10 cm, which is already excluded by mechanical measurements. For n = 3, 4, and 6, one finds R ~ 0.2 μm, 
0.3 nm, and 0.5 pm, and this is where neutron gravitational experiments come into play. 
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Fig. 2. Left panel: Eigenenergies of neutrons above a horizontal mirror in the earth’s gravitational potential V = mgh. The arrows indicate 
resonance transitions between various gravitational quantum states. Right panel: These resonance transitions, induced by vibrations of the 
neutron mirror, are seen in the measured spectrum of neutron transmission through an ultracold neutron gravitational spectrometer. The 
throughgoing line shows theoretical expectations, with no free parameter. From Jenke et al. (2013). 
Newton’s law can be tested at small distances by studying neutron gravitational quantum levels, as they were 
first observed by Nesvishevsky et al. (2002) at ILL. We know that the coupling strength of the electromagnetic 
interaction is given by the fine structure constant α ~ 10−2. Compare this to the level at which neutron studies 
exclude the existence of new and so far unknown forces: at 1 μm distance, such forces are at most of coupling 
strength 10−23, at 1 nm distance the limit is at 10−15, and at 1 pm distance at 10−11. For the ADD model this means 
that n = 3, 4, and 6 extra dimensions are excluded experimentally at these levels of the coupling strengths. 
In the latest such experiments it has become possible to detect resonance transitions between the gravitation-
induced neutron quantum levels, as will be discussed in Jenke’s contribution to this symposium, who presents even 
tighter new limits on various fifth-force scenarios. Fig. 2 shows part of the data from Jenke et al. (2013). The 
ultimate aim of these studies is to exclude such extra forces at the level of the gravitational interaction, hence there 
is still much work ahead for ultracold neutrons  at ESS. Other very interesting results on the neutron’s gravitational 
interaction are presented in the section on gravity and short range forces of these proceedings.  
4. How did the world become left-handed? 
Our next example is from free-neutron β-decay, which is induced by the weak interaction, see also the article on 
this subject by B. Märkisch in these proceedings. The VA standard model starts out with a purely left-handed 
electroweak interaction, mediated by a left-handed gauge boson WL. Neutron decay then is described by only two 
parameters, the matrix element Vud of the CKM quark mixing matrix between the up and down quarks within the 
neutron, and the ratio λ = gA/gV of axial-vector to vector amplitudes. However, the number of observables under 
investigation in neutron decay is much higher (actually more than 10) than this number of parameters. Besides the 
neutron lifetime, there are many angular correlation parameters, like the β-asymmetry A, the neutrino asymmetry 
B, the proton asymmetry C, or the electron-neutrino correlation a. In the standard model these latter all depend 
only on λ. Hence, when all these decay parameters are measured, the problem is strongly over-determined, and 
many tests beyond the standard model become possible. We shall give just one example.
It is unlikely that the world has been left-handed from the very beginning. Today most models beyond the 
standard model start out with a left-right symmetric universe. In these models, the left-handedness arises as an 
“emergent property”, due to a spontaneous symmetry breaking during one of the phase transitions of the vacuum of 
the early universe. In the simplest case, the left-handed gauge group SUL(2) of the standard model is replaced by 
the left-right symmetric SUL(2)×SUR(2), which then is spontaneously broken.  
This spontaneous symmetry breaking should lead to a mass splitting of the corresponding left and right handed 
weak gauge bosons WL and WR, with masses mL < mR, and mass ratio squared δ = (mL/mR)2 < 1. If, by additional 
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symmetry breaking, the mass eigenstates W1 and W2 do not coincide with the eigenstates WL and WR of the 
electroweak interaction, then a left-right mixing angle ζ should appear as an additional parameter. In this case the 
angular correlation parameters depend on the three free parameters λ, δ, and ζ. From the measured values of the 
correlation coefficients A, B, C, and a, one obtains the two-sigma error contours in three-dimensional λ-δ-ζ
parameter space shown in Fig. 3. The limit on the mass of the right handed WR found from neutron decay turns out 
to be close to the detection limit of high-energy colliders, see caption of Fig. 3. 
Fig. 3. From neutron decay measurements of the observables A, B, C, and a one obtains limits on right-handed admixtures to the left-handed 
V−A standard model. There are three free parameters δ = (mL/mR)2, ζ, and λ = gA/gV to fit these data. Shown are the two-sigma error contours in 
3-D parameter space. Left panel: View onto the plane λ vs. ζ. The chi-square minimum (red dot) and the standard model prediction δ = ζ = 0 
(green dot) agree within experimental error. The left-right phase is limited to ζ  < 0.15. Right panel: Same as left panel but rotated to the left by 
90º, with view onto the plane λ vs. δ. The mass parameter is limited to δ  < 0.1, and hence the mass of the right-handed WR is bounded from 
below as mR > 300 GeV. 
How well do we need to know the neutron decay parameters? Let us start with the neutron lifetime. Over the 
years the error of the neutron lifetime has diminished by a factor of 200, however, progress was slow, the error 
being diminished by a factor of 2 or 3 every ten years. Today the world average neutron lifetime of 880 s has an 
error of about ±1 second (Particle Data Group, 2012), but in-beam and in-trap lifetime measurements differ by up 
to one percent. Furthermore, at all times the lifetime error was underestimated by a factor of three, and it is not 
excluded that this is still the case.  
Besides the above mentioned tests of the standard model, the main use of the neutron lifetime is the following. 
Semileptonic weak processes, i.e., those occurring between leptons (e, μ, τ, and their neutrinos) and quarks play a 
dominant role in particle physics as well as in astrophysics and cosmology. The neutron lifetime is the only source 
to derive the semileptonic cross sections needed in these fields. In contrast, the purely leptonic cross sections, as 
derived from the measured muon lifetime, are known to one part in a million, and the resulting errors can be 
neglected in all applications. Our ultimate aim therefore is that, when dealing with semileptonic processes, one 
should be able to safely neglect all uncertainties from the neutron lifetime, in the same way as in the purely 
leptonic case. This requires the lifetime to be known to an uncertainty well below 1 s. Indeed, there are compelling 
physics reasons that motivate efforts to aim for an uncertainty approaching 0.1 s. This aim requires a continuing 
international effort on neutron lifetime measurements. For a recent review see Paul (2009). 
The neutron correlation coefficients, on the other hand, are mostly needed for searches for new physics beyond 
the standard model. Here an ultimate limit could be the final state effects that mimick such new-physics signals. 
However, final-state effects are notoriously small for the correlation coefficients, typically one to two orders of 
magnitude below present experimental errors, and are diminishing with progress in theory. Therefore pushing the 
limits of neutron decay correlations is a worthwhile task for many years to come, which is one of the main 
purposes of the PERC project, see Dubbers et al. (2008). 
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5. The creation of the elements 
Neutron data are needed in models of element creation in the universe, too. The first very light elements up to 
7Li were produced during the first few minutes of the universe, a process called primordial nucleosynthesis. This 
process is basically well understood and is one of the pillars of the standard big bang model, because it allows 
calculating the isotope yields in primordial nucleosynthesis and comparing them to observed element abundances, 
for a recent review see Steigmann (2007). The neutron lifetime here critically enters the calculations, both directly 
and via the neutrino cross sections involved in the process.  
The formation of the heavier elements in stellar processes started only half a billion years later, and is still going 
on. Such stellar nucleosynthesis is far less well understood. Up to the iron isotopes, stellar nucleosynthesis happens 
mainly via exothermic nuclear fusion reactions within protostars. When 56Fe is reached, nuclear burning stops 
because, of all isotopes, 56Fe has the highest mean binding energy per nucleon, and hence isotope production 
beyond 56Fe is endothermic. Beyond iron, most elements originate from successive neutron captures in strong 
neutron fields, followed by β−-decays back towards the stable valley of isotopes, at increased element number Z.  
Several different such neutron capture processes must exist in order to explain the observed nuclear abundances 
beyond 56Fe. The first such process is called the slow or s-process. In the interior of stars like the sun, late in their 
lives as red giants, neutron fluxes of typically 108 cm−2s−1 occur that breed heavier elements over time scales of 
thousands of years. In these fluxes the neutron capture rate is small compared to the typical β−-decay rate, therefore 
the s-process usually leads to no more than one additional neutron away from the stable valley. At ILL such n-
capture processes are studied in detail using neutron activation of in-pile targets made of the isotopes in question. 
The stellar s-process cannot reach all known stable isotopes, so other modes of nucleosynthesis must exist. The 
rapid or r-process takes place in extremely strong neutron fields with fluxes of order 1022 cm−2s−1. In these high 
fluxes, multiple successive neutron captures take place until extremely neutron rich isotopes with very short β−-
lifetimes are reached, up to 30 neutrons away from the valley of nuclear stability. The whole r-process takes no 
longer than about one second and must be due to some explosive event. Supernovae and/or binary stars are 
possible locations for the r-process. When it stops, the entire r-process path on the chart of the nuclides is 
populated with neutron-rich nuclei that decay back to the stable valley under β−-emission. At ILL very neutron-rich 
isotopes are produced as fission products, by in-pile neutron irradiation of transuranium targets, and provide 
valuable information on a multitude of neutron-rich isotopes on or near the path of the r-process. With more and 
more data on these neutron rich isotopes becoming available, one will, in some future, be able to fully elucidate the 
nature of stellar element formation going on in the universe.  
In conclusion, there is much to do in the field of particle and nuclear neutron physics once ESS is coming into 
the production phase, and we gave several examples of what is being done in this area of research.  
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